Carriers of (3 amino acids and imino acids in the small intestine of rabbits and guinea pigs are chloride dependent, and a cotransport of chloride, sodium, and 2-methylaminoisobutyric acid has been shown. This study examines the chloride dependence of amino acid transport in the human small intestine. The steady state tissue uptake of amino acids, given as the ratio between substrate concentration in intracellular and extraceliular water after 35 minutes incubation at 37°C, was determined in mucosal biopsy specimens from the duodenum of patients undergoing diagnostic upper endoscopy and compared using one way analysis of variance. Uptake of leucine and ot-methyl-D-glucoside in the duodenum and the distal ileum did not differ. The accumulation of all substrates was sodium dependent. In the absence of mucosal chloride the uptake of taurine, glycine, and 2-methyl-aminoisobutyric acid was significantly reduced while that of leucine and a-methyl-D-glucoside was unaffected and the reduction of P alanine uptake not statistically significant. Uptake of 2-methyl-aminoisobutyric acid and proline showed mutual inhibition. Leucine did not reduce uptake of the J3 amino acids. In conclusion, chloride dependent transport processes for 2-methyl-aminoisobutyric acid, taurine, and glycine are present in the human small intestine. (Gut 1995; 36: 215-219) 
Shortly after Cranel proposed the sodium gradient hypothesis to account for the active transport of nutrients across the mucosal membrane of enterocytes, Vidaver2 showed a nearly complete inhibition of the sodium dependent component of glycine uptake by pigeon red cells by removal of chloride. After a considerable delay studies on kidney tubular3 and intestinal4 epithelia were published. In the rabbit small intestine, the sodium dependent carrier of imino acids, 2-methyl-aminoisobutyric acid and proline,5 and the carriers of taurine6 and alanine7 are chloride dependent. By contrast, the high affinity taurine carrier is the only chloride dependent carrier present in the rat small intestine.8 9 This difference in chloride dependence emphasises the significant differences in carrier specificity seen between species.8
Chloride dependence of amino acid transport could reflect either a need for chloride merely as a catalytic activator or a necessity of chloride ion cotransport with the amino acid and sodium. In the second case the repeatedly observed activation stoichiometry of 2 sodium: 1 chloride: 1 amino acid3 [5] [6] [7] [8] [9] would still be consistent with the rheogenic nature of the transport. Data reported for dog3 and rabbit'0 kidney proximal tubule and for Erhlich ascites tumour cells"l strongly suggest cotransport of chloride ions and P amino acids. We have recently considered the question of cotransport in an intestinal epithelia by measuring unidirectional influx across the brush border membrane in the rabbit distal ileum and have shown cotransport of sodium, chloride, and 2-methyl-aminoisobutyric acid'2 with a influx stoichiometry of 2:1:1 as previously shown in an ion activation study.5 This study presents a survey of chloride dependent amino acid transport in the human small intestine using the technique of steady state mucosal uptake.
Methods

SUBJECTS AND MATERIAL
The study was approved by the ethical committee of Copenhagen County (KF V92-324) and written informed consent was obtained before the examination. Biopsy specimens (Olympus biopsy forceps without a spear; FB24K) were collected from 83 patients (mean age 64 years, range 27-91) in whom diagnostic upper endoscopy showed a macroscopic normal duodenal mucosa and from the distal ileum of one patient age 24. Patients with severe cardiopulmonary or cerebral insufficiency, with subnormal concentrations of plasma albumin, and those receiving benzodiazepines were not considered for the study.
Normal sodium and chloride medium was prepared from a phosphate buffer with a pH of 7.4, and had a composition in mmol/l of: NaCl substrates in duodenal mucosal biopsy specimens was measured using the method described for rabbit ileum.13 Two to four specimens from the descending or horizontal part of the duodenum of each patient were collected in ice cold, preoxygenated buffer. Within five minutes, the specimens were blotted on filter paper and transferred to three Erlenmeyer flasks containing 3000 gl isosmotic media with the composition given above, gassed with 100% oxygen in a 37°C shaking water bath, and incubated for 35 minutes. Specimens used for studying the ion dependent substrate accumulation were collected in chloride free buffer. In these studies one flask contained normal sodium and chloride medium (140 mmol/l NaCl), one sodium free medium, and one chloride free medium.
[3H]-PEG was used as a marker of the extracellular space.
[14C]-labelled substrates, taurine (5 ,umol/l), P alanine (5 pumo1l), leucine (1 mmol/l), glycine (1 mmol/l), 2-methyl-aminoisobutyric acid (1 mmol/l) or ot-methyl-D-glucoside (1 mmolll) were used as substrates. Five mmolll D-glucose was present in all incubation mixtures, except when cx-methyl-D-glucoside uptake was measured.
After incubation the wet weight of all specimens (7.0±0.2 mg) was determined. Subsequently, the specimens were extracted for 18 hours in 0 1 M HNO3, and then dried for six hours at about 90°C. The 
STATISTICS
The results of pooled data from four to 11 patients are given as mean (SEM). The inhibitory effect of one substrate on the accumulation of another was evaluated by the paired Student's t test. In studies of the time course of a-methyl-D-glucoside uptake and of ion dependence of substrate uptake four and three specimens, respectively, from each patient were paired and the results evaluated by one way analysis ofvariance (SigmaStat 1 0, Jandel Scientifics). Initially, it was tested whether the results of each group were drawn from a normally distributed population with the same variance. When confirmed, the ratio between the estimated population variance between groups with within groups, the F statistic, was calculated. Given that a significant difference between groups was found, multiple comparisons between group pairs was performed using the StudentNeuman-Keuls method. When the equal variance test failed (normality test passed in all cases) the H statistic was calculated using the Kruskal-Wallis test. When H was large multiple pairwise comparisons were performed using the Student-Neuman-Keuls test on ranks. Probability values less than 0.05 were considered statistically significant throughout.
Results
VALIDATION OF THE TECHNIQUE
The incubation time required to obtain steady state was determined by measuring uptake of ot-methyl-D-glucoside. Four specimens from each of seven patients were incubated for 10-40 minutes ( Figure) . Uptake at 30 minutes did not differ from that at 40 minutes. Uptake of leucine (7.7; n=2) and x-methyl-D-glucoside (14.4; n=2) in specimens obtained from the distal ileum of one patient during colonoscopy were within the range of ratios obtained with specimens from the duodenum. Consequently, duodenal specimens and incubation periods of 35 minutes were used for further studies.
ION DEPENDENCE OF AMINO ACID UPTAKE
o-methyl-D-glucoside is a non-metabolisable D-glucose analogue, which is not transported by the sodium independent carrier on the basolateral membrane. The ratio of 13.8 obtained at 140 mmol/l NaCl (Table) reflects the balance between the rate of secondary transport across the mucosal membrane of enterocytes tending to increase and passive leaks on the carrier and by diffusion tending to reduce the intracellular concentration. The steady state mucosal uptake is given as the ratio between substrate concentration in intracellular and extracellular water after 35 minutes incubation in the presence of 140 mmol/l NaCI, 0 mmol/l Na+, and 0 mmol/l Cl-, respectively. Five mmol/l D-glucose was present except when measuring uptake of a-methyl-D-glucoside. The concentration of taurine and ,B alanine was 5 ,umol/l and the other substrates were studied at 1 mmoll. *Denotes p<005 by one way analysis of variance in comparison with 140 mM NaCI and tp<0 05 in comparison with 0 mM Na+. Results are mean (SEM).
Because of the leaks'4 and because the enterocyte cell mass represents only a fraction of total mucosal tissue the concentration gradient obtained is much less than the theoretical maximum. Uptake of ot-methyl-D-glucoside was sodium dependent but independent of the mucosal chloride concentration (Table) .
The Table gives the results of steady state mucosal uptake of amino acids. Mucosal uptake in excess of unity was shown for all substrates at 140 mmolI1 NaCl and was reduced in the absence of sodium. For the two neutral amino acids proline and leucine uptake was still evident in the absence of mucosal sodium. Sodium concentrations in the utilised sodium free incubation solutions were 0-1 mmol/1. Uptake of leucine, proline, and ur-methyl-D-glucoside was chloride independent, and the ratios obtained were not different from those obtained at 140 mmol/l NaCl (Table; NS). Uptake of taurine and 2-methyl-aminoisobutyric acid, a classic and non-metabolisable substrate for the imino acid carrier in other species,5 16 was chloride dependent (Table; p<0 05). Uptake of P alanine was lower in the absence of chloride without the difference reaching statistical significance (Table; 01 0<p<0 05) . Uptake of all chloride independent substrates except proline was significantly higher in the absence of chloride than in the absence of sodium (Table; p<0 (0 1) in the presence of 10 mmol/l leucine (NS).
Discussion
Measurements of the in vitro steady state mucosal uptake were used 30 years ago to show the intestinal transport defect in mucosal biopsy specimens from the jejunum of patients with cystinuria. '7-'9 As in this study (Figure) a steady state was reached after about 30 minutes of incubation. '7 18 The ratio between the concentration in intracellular and extracellular water obtained in this study were lower than the values of approximately 5 for glycine '7 and 10 for leucine'8 reported previously. As we obtained similar values in the distal ileum and in the duodenum the difference is probably not explained by the fact that the former reports used specimens from the distal duodenum. The difference is more probably explained by the difference in substrate concentrations used. By using very low, micromolar concentrations of amino acids leaks and passive back diffusion are reduced significantly.20 Nevertheless, the low ratios obtained in this study do not discredit our results.
This study shows that transport of imino acids, taurine, glycine, and perhaps also P alanine in the human small intestine requires chloride in addition to sodium. Transport of ox-methyl-glucoside, leucine, and proline was unchanged in the absence of chloride showing that the removal of mucosal chloride does not affect the membrane potential significantly.8 12 Uptake from the nominally chloride free media was not reduced to the value seen with nominally sodium free solutions. This was probably because of a partial activation of the carriers by the 1-6 mmol/l chloride present in the incubation solutions at the termination of the experiments. Because of trapping in the unstirred water layer and recycling across the mucosal membrane the chloride concentrations at the carrier sites were most probably higher than indicated by end of experiment measurements. Thus, taurine transport in rabbit small intestine was half maximal at 7 mmol/l chloride.7 The chloride dependent uptake of the non-metabolisable imino acid 2-methyl-aminoisobutyric acid make it unlikely that chloride dependence of transport could reflect chloride dependent amino acid metabolism. The lack of chloride dependent proline accumulation should be expected if proline is also carried on a high capacity carrier of neutral amino acids as in the rabbit. 15 16 21 Likewise, a conceivable explanation of the persisting, but minute uptake of leucine and glycine in the absence of sodium would be uptake by sodium independent transport systems described in other species.'5 16 21 22 The low (0-1 mmol/1) sodium concentrations in the utilised incubation solutions seem to rule out notable activation of the sodium dependent transport systems.
The individual carriers of amino acids in the human small intestine are not well characterised. 23 25 The inhibition of 2-methylaminoisobutyric acid accumulation by proline and vice versa shows that these imino acids are transported at least in part on a common carrier different from the carrier of neutral amino acids as is the case for the imino acid carrier of rabbit small intestine. 15 In addition to the taurine carrier, some species possess a second carrier of P amino acids that also accepts neutral amino acids such as leucine.7 22 26 The lack of inhibition of both taurine and P alanine uptake by leucine in the human duodenum suggests that this carrier is not present in the human small intestine. The chloride dependence of glycine uptake, however, would point to the existence of such a carrier. 26 The pattern of chloride dependence reported here is identical to results obtained in rabbit,5-7 26 guinea pig,8 and human colon carcinoma cells,27 similar to that of the pig (L K Munck et al, unpublished findings), and very different from that of the rat,8 which seems to be a poor model for human intestinal carriers of amino acids. This would suggest that carriers of amino acids in the human small intestine are similar to those described in the strictly herbivorous rabbit, the guinea pig, and the pig (L K Munck et al, unpublished findings). Furthermore, the taurine carrier emerges as ubiquitous.
We have previously provided evidence of cotransport of both chloride and sodium with 2-methyl-aminoisobutyric acid across rabbit small intestinal mucosa12 and cotransport of chloride with taurine and P alanine has been shown in renal epithelia.3 10 34 The similarity between the specificities of the chloride dependent and the proton dependent amino acid transport systems raises the question whether these two dependencies might be coexistent in the human small intestine. Indirect evidence actually pointed to cotransport of 1 H+:2 Na+:1 CL-:1 ffi alanine in rabbit proximal tubule. 28 In conclusion, chloride dependent transport of fi~amino acids, glycine, and imino acids in the human small intestine is shown and by analogy with animal studies a cotransport of these amino acids and chloride, in addition to sodium, across the mucosal membrane of enterocytes is suggested. These functional properties could be of value in the discrimination of amino acid transport systems in the human small intestine.
